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(54) Method and arrangement for characterizing micro-size patterns 



(57) A method and arrangement for characterizing 
features of a patterned material (2) on an underlying lay- 
er (7) is disclosed. According to the method, the pat- 
terned material is subjected to radiation (9) including a 
range of wavelengths such that the patterned material 
absorbs more radiation than the underlying layer, and 
the underlying layer reflects more radiation than the pat- 
terned material. Zeroth order reflected radiation (11) is 



measured and the reflectance measurement is ex- 
pressed as a spectrum of the intensity of the reflected 
radiation as a function of the wavelength of the reflected 
radiation, or as an average reflectance over a range of 
wavelengths. The reflectance measurement can be cor- 
related with features of the patterned material. An ar- 
rangement of equipment is disclosed for characterizing 
features of a patterned material according to the meth- 
od. 
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Description 

FIELD OF THE INVENTION 

The present invention relates to characterizing fea- 
tures of a micro-size patterned layer, and more particu- 
larly to using radiation to characterize features of a mi- 
cro-size patterned layer. 

BACKGROUND OF THE INVENTION 

Photolithographic techniques are often used to pat- 
tern features of miniature devices. In a typical applica- 
tion of the photolithographic technique, a layer of pho- 
toresist is deposited on a substrate or other device layer 
and then exposed to radiation of appropriate wave- 
length through a patterning mask. Certain regions of the 
photoresist layer are exposed, and others are not ex- 
posed, according to the pattern defined in the mask. Ex- 
posing the photoresist to radiation changes its solubility. 
After exposure, solvent is used to remove regions of 
higher solubility photoresist, leaving regions of "hard- 
ened" photoresist at sites on the device layer as dictated 
by the patterning mask. 

The hardened photoresist protects the directly un- 
derlying device layer while the unprotected regions of 
the device layer surrounding such protected regions are 
removed by etching or some other suitable method. Af- 
ter etching the device layer, the hardened photoresist is 
removed. In this manner, a feature is created in the de- 
vice based on the pattern defined in the mask. 

It is clear that the photoresist layer must be accu- 
rately patterned to form features to exacting specifica- 
tions in a device. It is desirable, therefore, to monitor the 
photolithographic process at various stages and on a 
periodic basis. 

For example, it may be desirable to measure the 
thickness of photoresist prior to exposure and pattern- 
ing. This may be done by subjecting the photoresist to 
ultraviolet iight having a wavelength in the range of 300 
to 800 nanometers (nm) and measuring the reflected ra- 
diation. The reflected radiation may be correlated to 
photoresist thickness. The general principle of this 
measurement technique is that the measured light re- 
flected from a substrate is modulated by constructive 
and destructive optical interference from an overlying 
semitransparent material such as photoresist. See Cho- 
pra, K.L., Thin Film Phenomena , p. 99 (McGraw Hill, 
1969). The periodicity of the reflectance spectra can al- 
so be used to determine optical properties, such as re- 
fractive index. 

Furthermore, it is useful to take measurements after 
patterning the photoresist. For example, in a typical ap- 
plication, a plurality of stripes of photoresist may be pat- 
terned on the surface of a substrate. The stripes are 
spaced from one another so that there are alternating 
regions of substrate covered by hardened photoresist 
and regions that are not covered by hardened photore- 



sist. It may be desirable, for example, to measure the 
width of the stripes of photoresist. Such measurements 
have been typically performed by scanning electron mi- 
croscopy (SEM). 
5 The aforementioned arrangement of spaced stripes 
is usually referred to as a line and space pattern. Such 
micro-size line and space patterns are useful for forming 
diffractive elements such as lenses or gratings in sem- 
iconductors or glass, forming fluid flow microchannels 
in silicon or, more generally, for providing a variety of 
mechanical features in a substrate. 

More recently, attempts have been made to meas- 
ure patterns using scatterometry. In this technique, a 
pattern is subjected to light, such as from a laser, typi- 
cally having a single wavelength. The light is usually di- 
rected toward the pattern at some angle to the normal. 
The light reflected from the pattern is reflected at various 
orders, i.e., angles relative to the incident light. The 
amount or intensity of light reflected at the various or- 
ders is measured. It may be possible to use such data 
to obtain quantitative information about the pattern, 
such as the line width of a line and space pattern. How- 
ever, scatterometry is very sensitive to changes in the 
profile of the pattern, i.e., the height of lines, and re- 
quires relatively sophisticated correlation work to relate 
the reflected radiation to features of a pattern. 

Other examples of characterization methods per- 
taining to photolithography, and equipment suitable for 
accomplishing such methods, are described in U.S. Pat. 
Nos. 5,363,171, 5,184,021, 4866,782 and 4,757,207. 
These patents, and all others mentioned in this specifi- 
cation, are incorporated herein by reference in their en- 
tirety. 

Thus, there is a need for a method and arrangement 
for characterizing features of a micro-size patterned lay- 
er, such as a patterned photoresist, using reflected ra- 
diation. 

SUMMARY OF THE INVENTION 

The present invention provides a method and ar- 
rangement for characterizing micro-size features of a 
patterned material that is disposed on a substrate. Ac- 
cording to the method, the patterned material is irradi- 
ated by radiation having a suitable range of wavelengths 
such that the patterned material absorbs more radiation 
than the substrate, and the substrate reflects more ra- 
diation than the patterned material. Further, such radia- 
tion should have a suitably short wavelength to resolve 
the micro-size features of the pattern. The intensity of 
the radiation reflected at the same angle, relative to the 
surface of the patterned material, as the incident radia- 
tion, i.e., zeroth order reflected radiation, is measured. 
A reflectance spectrum is defined by expressing the in- 
tensity of the reflected radiation as a function of the 
wavelength of the reflected radiation. The amplitude and 
interference pattern of the reflectance spectrum can be 
directly correlated with features of the patterned mate- 



15 



20 



25 



30 



35 



40 



45 



SO 



EP0 727 715 A1 



rial. 

In one embodiment of the present invention, UV ra- 
diation in the range of 200 to 300 nm may be used to 
characterize the micro-size line width of a line and space 
pattern formed of novolac containing photoresist on a 
silicon substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further features of the invention will become appar- 
ent from the following detailed description of specific 
embodiments thereof when read in conjunction with the 
accompanying drawings wherein: 

FIG. 1 shows an arrangement of a patterned film on 
a substrate; 

. FIG. 2 is a flow chart illustrating an embodiment of 
a method of characterizing a pattern according to 
the present invention; 

FIG. 3A shows several arrangements of novalac 
photoresist on a silicon substrate; 
FIG. 3B shows reflectance spectra tor the arrange- 
ments of FIG. 3A; 

FIG. 4 illustrates the repeatability of the reflectance 
spectra; 

FIG. 5A is a flow chart illustrating an embodiment 
of a method according to the present invention for 
obtaining quantitative information about a patterned 
layer using previously obtained reflectance spectra; 
FIG. 5B is a flow chart illustrating a first embodiment 
of the method for determining quantitative informa- 
tion about a patterned layer using previously ob- 
tained reflectance spectra; 
FIG. 5C is a flow chart illustrating a second embod- 
iment of the method for determining quantitative in- 
formation about a patterned layer using previously 
obtained reflectance spectra; 
FIG. 5D is an exemplary arrangement for charac- 
terizing a patterned layer according to the present 
invention; 

FIG. 5E is an exemplary block diagram of a spectral 
reflectometer suitable for use in the arrangement of 
FIG. 5D; 

FIG. 6 shows reflectance spectra for patterned pho- 
toresist where the line size of the pattern varies; 
FIG. 7 shows a correlation between measured 
linewidth and average reflectivity; 
FIG. 8A is a flow chart illustrating a method accord- 
ing to the present invention for controlling a photo- 
lithographic writing process; and 
FIG. 8B is an exemplary arrangement according to 
the present invention for providing quality control for 
a lithographic writing process. 

n FT All ED DESCRIPTION OF THE INVENTION 



The present invention is a method and arrangement 
for characterizing features of a patterned overlying layer 



or film of material that is disposed on a underlying layer 
or substrate, such as the patterned film 2 that is dis- 
posed on the substrate 7 shown in FIG. 1. 

The "pattern" of the patterned film 2 is defined by 
s the presence or absence of the film material over a re- 
gion of the substrate 7. For example, in the arrangement 
shown in FIG. 1 , successive stripes or lines 4 of film ma- 
terial, having a thickness T and a width W, and separat- 
ed by spaces 5, define a line and space pattern. The 
10 spaces 5 are regions where film material is not present. 
Thus, the lines 4 of film material, and the spaces 5 be- 
tween such lines 4, comprise the patterned film 2. Line 
and space patterns, such as the line and space pattern 
shown in FIG. t, may be characterized by a pitch, P, 
is which is defined as the width of the line 4 plus the width 
of the space 5 to the next line 4 comprising the pattern. 

The present method and arrangement are useful for 
characterizing patterned films having micro-size fea- 
tures, such as the line width of a photoresist line and 
20 space pattern. Such line and space patterns may be 
used for forming diffractive elements such as lenses or 
gratings in semiconductors or glass, forming fluid flow 
microchannets in silicon or etching mechanical registra- 
tion features in a substrate. 
25 As used herein, the phrase "micro-size features" re- 
fers to features on the order of 1 micron or less in size. 

According to the present method, a patterned ma- 
terial, such as the patterned film 2 of FIG. 1, is subjected 
to radiation 9 of suitable wavelength. In particular, the 
30 incident radiation 9 includes a range of wavelengths 
such that the patterned film 2 absorbs more radiation 
than the substrate 7, and the substrate 7 reflects more 
radiation than the patterned film 2. Furthermore, such 
wavelengths must be sufficiently short to resolve the mi- 
ss cro-size features of the pattern, for example the line 
width W. The radiation is usually directed substantially 
normal to the patterned material, though other angles of 
incidence are suitable. The intensity of the zeroth order 
reflected radiation 11 from the patterned film 2 and the 
40 substrate 7 is measured. A reflectance spectrum may 
be defined by expressing the intensity of the reflected 
radiation 11 as a function of the wavelength of the re- 
flected radiation 11 . As used herein, the terms "intensity 
or amount of the reflected radiation", "the amplitude of 
45 the reflectance signal" and "reflectance" are synony- 
mous. Reflectance data may also be expressed as an 
average reflectance over the range of suitable wave- 
lengths, which is useful for correlation development, as 
discussed in more detail later in this specification. As 
so used herein, the term "reflectance measurement" ge- 
nerically refers to expressing reflectance data as a re- 
flectance spectrum, as an average reflectance over a 
range of suitable wavelengths or in other formats suita- 
ble for the characterization or correlation purposes of 
55 the present invention. 

Surprisingly, it has been discovered that the reflect- 
ance spectrum, obtained as described above, displays 
a periodic interference pattern over the range of suitable 



3 



5 



EP0 727 715 A1 



6 



wavelengths as defined above. Furthermore, as the un- 
covered area of the substrate, such as the substrate 7 
of FIG. 1 , increases, so does the intensity of the reflect- 
ed radiation 11. 

Thus, a pattern, such as a line and space pattern, 
may be characterized according to a first embodiment 
of the present invention, which is illustrated by steps 90 
through 120 of the flow diagram shown in FIG. 2. Instep 
90, an arrangement comprising a patterned layer on a 
substrate, such as a line and space pattern on a wafer, 
is obtained. Typically, such an arrangement would be 
diverted from a lithographic processing line wherein me- 
chanical features are photolithographically reproduced 
in, for example, a semiconductor arrangement. In step 
100, the arrangement is illuminated by radiation. The ra- 
diation includes a range of wavelengths such that the 
film absorbs more radiation than the substrate, and the 
substrate reflects more radiation than the film. As will be 
appreciated by those skilled in the art, such information 
may be obtained by measuring the spectra of the film 
material and the substrate over a range of wavelengths 
or consulting optics reference texts. A relatively small 
amount of contrast, i.e., the reflectivity of the film versus 
the reflectivity of the substrate, is required. Obviously, 
the more sensitive and stable the optics for collecting 
the reflected radiation, the less contrast is required. Fur- 
thermore, the wavelength range described above 
should be suitable for resolving the micro-size features 
of interest of the patterned film. For example, if the line 
width of a line and space pattern is to be characterized, 
and the line width is about 0.5 micrometers (u.m) (500 
nm), suitable wavelength radiation for resolving the line 
width is less than about 300 nm. Based on empirical ev- 
idence, suitable wavelength radiation should have a 
maximum wavelength of about 65 percent of the size of 
the feature of interest. 

In the next step 110, the amount of zeroth order re- 
flected radiation from the patterned film and the sub- 
strate is measured. In step 120, a reflectance spectra is 
defined by expressing the reflectance as a function of 
the wavelength of the reflected radiation. Such a reflect- 
ance spectra uniquely characterizes the pattern. The 
Manometries 4000 Series, manufactured by Nanospec 
Corp. of Sunnyvale, Ca., the Prometrix 1050 UV, man- 
ufactured by Prometrix of Sunnyvale, Ca., or other 
equipment known to those skilled in the art that is suit- 
able for subjecting a pattern to appropriate wavelength 
radiation and receiving and measuring the reflected ra- 
diation may be used to obtain the reflectance spectrum. 
Such equipment will be referred to herein as a spectral 
reflectometer. Preferably, the spectral reflectometer 
should include a suitably programmed processor for col- 
lecting and processing the reflectance data, i.e., defin- 
ing a reflectance spectrum or the like. Alternatively, a 
separate processor, such as a suitably programmed 
computer, may be used for data processing. The spec- 
tral reflectometer should be capable of measuring ze- 
roth order reflected radiation. In use, the spectral reflec- 



tometer is adjusted so that its light source, typically a 
broad band source, is focussed over the pattern to be 
characterized. The beam from the light source typically 
illuminates an area about 70 u,m x 70 um The user also 
5 selects the range of wavelengths over which the reflect- 
ance data is to be measured. An exemplary spectral re- 
flectometer is described in more detail below in conjunc- 
tion with a description of an arrangement according to 
the present invention. 

A second embodiment of the present invention is 
described by steps 90 through 150 of FIG. 2. Once the 
first arrangement is characterized according to steps 90 
through 1 20, a second arrangement is obtained for char- 
acterization according to step 130. As indicated in step 
140, steps 100 through 120 are then repeated for the 
second arrangement. This may be repeated for a third 
and further arrangements. Finally, in step 150, the re- 
flectance measurements of the arrangements may be 
organized as a database or otherwise archived. Such a 
data base may be stored in the memory of a suitably 
programmed computer by methods known to those 
skilled in the art. 

A specific application of the first and second em- 
bodiments of the present invention are discussed below 
in conjunction with FIGS. 3A, 3B and 4. These Figures 
illustrate the suitability of using a reflectance spectrum 
to uniquely characterize a patterned layer. 

FIG. 3A shows three arrangements 15a, 20a and 
30a of photoresist on a silicon substrate. FIG. 3B shows 
three reflectance spectra 15, 20 and 30 which were ob- 
tained using the Manometries 4000 Series spectral re- 
flectometer by illuminating the arrangements 15a, 20a 
and 30a, respectively, with radiation. In particular, the 
reflectance spectra 1 5, 20 and 30 were obtained by sub- 
jecting the arrangements 1 5a, 20a and 30a to ultraviolet 
light (UV) consisting of a plurality of wavelengths from 
about 200 to 800 nm. 

The arrangements 15a and 20a were micro-size 
line and space patterns formed from novalac containing 
photoresist on a silicon substrate 7a, 7b. The arrange- 
ments 1 5a and 20a both had a pitch P 1 , P 2 , respectively, 
of 1 .0 jim and a line width , W 2 , of about 0.5 and 0.4 
jim, respectively. The lines 5a of photoresist comprising 
the arrangement 15a had a thickness T, of 1.175 ujti, 
and the lines 5b of the arrangement 20a had a thickness 
J 2 of 1 .70 u/n. For such an arrangement, radiation be- 
tween about 200 to 300 nm, referred to as deep UV 
(DUV), is absorbed more strongly by the lines of pho- 
toresist 5a, 5b than the substrate 7a, 7b, reflected more 
strongly by the substrate than the lines of photoresist, 
and is suitable for measuring line widths of 0.4-0.5 urn 
Such a range of wavelength is therefore within the 
teachings of the present invention. 

The arrangement 30a comprises a layer 6 of unpat- 
terned novalac containing photoresist on a silicon sub- 
strate 7c. The layer 6 of unpatterned photoresist had a 
thickness T 3 of 1 .1 75 fim, The spectra 30 for the unpat- 
terned layer 6 of photoresist of arrangement 30a is rel- 
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atively flat in the DUV. The spectra 30 does not show 
the regular interference patterns, at DUV wavelengths, 
which the spectras 1 5 and 20 for the patterned photore- 
sist exhibit. 

There are more interference fringes 22b in the re- 
flectance spectrum 20 than interference fringes 22a in 
the reflectance spectrum 15. The increase in interfer- 
ence fringes in the reflectance spectrum 20 may be due 
to the comparatively thicker lines 5b of photoresist of the 
arrangement 20a in comparison to the lines 5a of the 
arrangement 15a. At wavelengths above about 300 nm, 
the photoresist becomes substantially more transparent 
to UV. Consequently, the reflectance spectra 15 and 20 
are a convolution of reflectances from the air/photoresist 
interface, the air/substrate interface and the photoresist/ 
substrate interface. This portion of the spectrum may 
contain some useful information, but, for the particular 
arrangements discussed in FIG. 3A, is not within the 
teachings of the present invention. Note that in the re- 
gion from 200 to 300 nm, the reflectance spectra will be 
free from reflectances from the photoresist/substrate in- 
terface since the photoresist absorbs more light in this 
region of the spectrum. 

Thus, the spectrum 15 from about 200 to 300 nm 
uniquely characterizes a novalac on silicon line and 
space pattern having a pitch of 1 .0 urn and lines 5a 
that have a width of 0.5 um and a thickness of 
1 . 1 75 Jim. Likewise, the spectrum 20 from about 200 to 
300 nm uniquely characterizes a novalac on silicon line 
and space pattern having a pitch P 2 of 1 .0 urn and lines 
5b that have a width W 2 of 0.4 urn and a thickness T 2 
of 1.70 urn. As will be discussed later in this specifica- 
tion, information contained in this portion of the spec- 
trum may be correlated to features of the pattern. Sub- 
jecting an unpatterned layer, however, such as the layer 
6 of unpatterned novalac photoresist of arrangement 
30a, to radiation below 300 nm, provides little if any use- 
ful information. This is because radiation of this wave- 
length is substantially absorbed by the novalac photore- 
sist and there are no spaces or gaps in the unpatterned 
layer 6 so that radiation reflected from the substrate 7c 
creates the interference patterns observed for spectra 
1 5 and 20. For this reason, the prior art method of meas- 
uring the thickness of a photoresist layer is accom- 
plished using the longer wavelength portion of the spec- 
trum, i.e., above 300 nm for novalac photoresist. 

Note that the profile angle e (see Fig. 3a, arrange- 
ment 15a) of the lines of a line and space pattern, i.e., 
the angle described by the stripes or lines of photoresist 
relative to the substrate, was constant for the above ar- 
rangements. Substantial variations in the profile angle 
6 may affect the reflectance spectrum. 

A reflectance measurement of a pattern, such as a 
line and space pattern, having a particular size and con- 
figuration is substantially reproducible. FIG. 4 shows the 
reflectance spectra of wafers that were processed under 
identical conditions to produce a line and space pattern, 
similar to arrangements 15a and 20a, of novalac pho- 



toresist on silicon. The nominal line width of the pattern 
was 0.5 um. The pattern had a pitch of the 1 .0 urn. The 
thickness of the lines was 1.175 um The reflectance 
spectra of FIG. 4 are collectively given the reference nu- 
5 meral50. As can be seen from FIG. 4, the six reflectance 
spectra comprising the spectra 50 are substantially 
identical. 

As shown in FIG. 4, the reflectance spectrum of a 
patterned layer is reproducible outside of the range of 
io wavelengths taught by the present invention. However, 
the portion of the spectrum not included within the 
present teachings is less readily correctable to pattern 
feature size than the portion of the spectra within the 
present teachings, if correctable at all. This is of partic- 
15 ular significance for some of the following embodiments 
wherein the method of the present invention may be 
used to obtain quantitative information about a feature 
of a patterned layer, such as the micro-size line width of 
a line and space pattern. Such further embodiments of 
20 a method according to the present invention are illus- 
trated by flow chart and block flow diagram in FIGS. 5A- 
5D and described below. 

In step 200, an arrangement comprising a patterned 
layer on a substrate is subjected to radiation. In the next 
25 step 210, the radiation reflected from the arrangement 
is measured. The numerical value of the feature is de- 
termined in step 220 by using information obtained from 
previously obtained reflectance measurements. Step 
220 may be accomplished using a number of methods, 
30 two examples of which are described below. 

In a first embodiment, illustrated in FIG. 5B, ar- 
chived data, obtained in steps 300 and 305, is com- 
pared, in step 310, with the reflectance spectrum of an 
uncharacterized pattern. The archived data or data base 
35 is obtained according to steps 300 and 305 wherein a 
number of reference patterns are formed and reflect- 
ance spectra are then obtained for such reference pat- 
terns. Features of interest for each reference pattern are 
measured by SEM or other suitable method. The ref er- 
40 ence reflectance spectra and measured values for fea- 
tures of interest for each reference pattern are organ- 
ized into a data base or archive by methods known to 
those skilled in the art. By matching an uncharacterized 
pattern to an archived reference reflectance spectra, a 
45 value, i.e., the size of a feature of interest, may be de- 
termined. 

In a second embodiment, illustrated in FIG. 5C, the 
numerical value of a feature may be determined by de- 
veloping a correlation between the feature and reflect- 
so ance. According to the second embodiment, reflectance 
measurements are obtained for a plurality of reference 
patterns of known structure. The numerical value of a 
feature of interest is regressed against the reflectance 
of the reference patterns over the range of suitable 
55 wavelengths, as previously described. The numerical 
value of the feature may then be expressed as a function 
of the reflectance. The correlation may be expressed al- 
gebraically or graphically. When developing a correla- 
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tion as described above, it is preferable to use the av- 
erage reflectance over a range of wavelengths. Alterna- 
tively, the reflectance at the periodic maxima within a 
given reflectance spectra can be used. A linear regres- 
sion may be used. 

The steps discussed in FIGS. 5A-5C may be ac- 
complished by the exemplary arrangement of equip- 
ment shown in FIG. 5D. The archived data or data base 
of reference reflectance measurements and measured 
values of various features of interest, such as the line 
width of a line and space pattern, may be obtained as 
follows. Reflectance measurements for a plurality of pat- 
terns are first obtained by equipment such as a spectral 
reflectometer 340 suitable for such purpose. Suitable re- 
flectometers include the Nanometrics 4000 Series or the 
Prometrix 1050 UV. 

A simplified block diagram of a spectral reflectom- 
eter 340 is shown in FIG. 5E. Radiation is provided by 
an illumination source 342. The illumination source 342 
is typically a broadband source such as xenon arc lamp. 
Such a source typically provides radiation ranging in 
wavelength from about 220 to 800 nm. Illumination 
source 342 may also include various filters, shutters, a 
focus aperature and various drive solenoids and stepper 
motors, not shown in the Figure. Radiation from the il- 
lumination source 342 is focussed on a beam splitter 
344. One beam, not shown, generated by the beam 
splitter 344 functions as a reference. This reference 
beam is guided to the spectrometer assembly 347 for 
processing. The other beam, identified by the reference 
numeral 343, is directed toward a wafer 345 and fo- 
cused over the pattern to be characterized. Reflected 
radiation 346 is received by the spectrometer assembly 

347. In the spectrometer assembly, reflected radiation 
346 is typically resolved into its spectral components by 
a grating. Each spectral component of the reflected ra- 
diation 346, i.e., radiation of a particular wavelength, is 
reflected off the grating to a location dictated by that par- 
ticular wavelength. Photodetectors positioned at such 
locations receive the radiation and generate an electri- 
cal signal proportional to the amount of incident radia- 
tion. Thus, a signal generated by a particular photode- 
tector is associated with radiation having a particular 
wavelength. The various signals generated by the acti- 
vated photodetectors are processed by the processor 

348. A reflectance spectrum, average reflectance over 
a wavelength range or other expression of the amount 
of reflected radiation for a corresponding wavelength 
may then be calculated. The aforementioned discussion 
of the spectral reflectometer 340 is intended to provide 
an overview of its operation and some of its important 
elements. As known to those skilled in the art, the spec- 
tral reflectometer 340 typically includes other elements, 
not shown, for accomplishing various other functions. 

Returning to the arrangement of FIG. 5D, a meas- 
urement device 350 is used to directly measure features 
of the plurality of patterns. A scanning electron micro- 
scope, such as the S7000 by Hitachi, Ltd. is suitable for 



performing such measurements. A suitably pro- 
grammed microprocessor 360 receives, either directly 
or indirectly, the reflectance measurements and direct 
measurement data from the spectral reflectometer 340 

s and the measurement device 350 and stores such infor- 
mation in memory 370. Thus, for each pattern, a reflect- 
ance measurement, as well as values representative of 
measurements of features of the pattern, are stored in 
memory 370. Such information forms the archive or data 

10 base. 

The microprocessor 360 is preferably programmed 
to regress the reflectance measurement and direct 
measurment data stored in memory 370 to develop a 
correlation as discussed above in conjunction with FIG. 
?5 5C. 

Once a data base has been created in memory 370, 
the arrangement depicted in FIG. 5D may be used de- 
termine the numerical value of a feature of an unmeas- 
ured pattern as follows. A reflectance spectrum may be 
20 obtained for an unmeasured pattern using the spectral 
reflectometer 340. Such spectral information is received 
by the microprocessor 360 which is suitably pro- 
grammed to compare the reflectance spectrum to the 
reference reflectance spectra stored in the memory 370. 
25 |f a match is found between reflectance spectra stored 
in memory and the reflectance spectra corresponding 
to the unmeasured pattern, then the reference pattern 
and the unmeasured pattern are substantially identical. 
Measurement data from memory 370 corresponding to 
30 the matching reference pattern is displayed. Thus, the 
size of a feature of an unmeasured pattern may be de- 
termined. If an average reflectance value, rather than a 
full reflectance spectra, is obtained from the spectral re- 
flectometer 340, then such a value may be used to es- 
35 timate the size of a feature by applying a previously de- 
veloped correlation, as discussed above, to the average 
reflectance value. 

This exemplary method is particularly well-suited 
for applications having one degree of freedom. For ex- 
40 ample, for a line and space pattern, the thickness T and 
profile angle 6 of the lines, such as lines 5a and 5b of 
FIG. 3A, and the pitch of the pattern should be invaria- 
ble, the variable being the line width W. If the only vari- 
able is the line width W, then differences in the reflect- 
45 ance spectra obtained for different line and space pat- 
terns result from differences in the line width W of such 
patterns. Thus, the line width W of the pattern being 
measured is equal to the line width of the pattern from 
which the matching reference reflectance spectra was 
50 obtained. Alternatively, line width may be held constant 
and some other parameter may be varied. 

Specific examples of using the present invention to 
obtain quantitative information regarding a pattern are 
discussed below in conjunction with FIGS. 6 and 7. 
55 FIG. 6 shows four reflectance spectra 40, 42, 44 
and 46 that were obtained for four arrangements, 40a, 
42a, 44a and 46a, respectively, using the Nanometrics 
400 Series spectral reflectometer. The arrangements, 
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not shown, comprised patterned novalac photoresist on 
silicon. The patterned photoresist of arrangements 40a, 
42a, 44a and 46a was patterned into line and space pat- 
terns, similar to those shown in FIGS. 1 & 3A. The line 
and space pattern of each of the arrangements 40a - 
46a had a 1 .0 nm pitch. The thickness and profile angle 
of the lines and of the four patterns was substantially the 
same. The line width of the lines of the four patterns was 
different, however, decreasing from a maximum line 
width in arrangement 40a to a minimum width in ar- 
rangement 46a. 

It can be seen from the four spectra 40 - 46 that the 
average reflectance, over a range of wavelengths, in- 
creases as the line width decreases. According to the 
present invention, linewidth can be expressed as a func- 
tion of average reflectance. FIG. 7 illustrates such a cor- 
relation 60 between line width and reflectance between 
220 to 300 nm for such a 1.0 ujti pitch line and space 
pattern. The correlation 60 shown in FIG. 7 may be rep- 
resented algebraically by the following equation, LW = 
0.703 - 1 .746 * Ref (220 <300nm). where LW is the line width 
in nm of a line and space pattern, and Ref (22 o-30onm) is 
the average reflectance as measured over the range of 
220 to 300 nm. 

In a further embodiment, illustrated in FIGS. 8Aand 
8B, a method in accordance with the present invention 
may be used for quality control of a lithographic writing 
process. A lithographic writing process may be used to 
produce a pattern having desired features and feature 
size. A number of parameters affect the ability to pro- 
duce a pattern having desired features using such a 
process. For example, the age of photoresist being pat- 
terned, the chemical composition of the photoresist de- 
veloper solution, and, perhaps most importantly, the 
dose of radiation used to expose the photoresist will all 
affect the resulting pattern. As such, it is desirable to 
routinely monitor the pattern being produced. 

According to step 400 of FIG. 8A, test patterns are 
developed, reflectance measurements are obtained 
and features of the test patterns are measured by suit- 
able means such as SEM. In step 410, the feature of 
interest, such as the line width of a line and space pat- 
tern, may be correlated to reflectance according to the 
present invention. Alternatively, a reference reflectance 
spectrum is obtained for a pattern having the specific 
features to be reproduced in the manufacturing process. 
According to step 420, the operating parameters of the 
writing process are then set to produce a pattern having 
a specific reflectance, i.e., one which will result in a pat- 
tern having a desired feature, such as a 0.5 u/n line 
width. In step 430, regular production patterns are peri- 
odically sampled, preferably according to statistical 
methods, and a reflectance measurement is obtained 
for each sampled pattern. The reflectance measure- 
ment for each sampled pattern is then compared, as ap- 
propriate, to the reference spectrum or correlation. If the 
reflectance measurement from a sampled pattern devi- 
ates from the reference or correlation, then the pattern 



being produced is off -specification. Once alerted to off- 
specification production, the operator of the lithographic 
writing process may check the various parameters to 
determine what parameter should be adjusted, as indi- 
5 cated in step 440. 

The aforementioned steps may be accomplished by 
the exemplary arrangement of equipment depicted in 
FIG. 8B. A wafer, coated with photoresist, such as SPR- 
51 3 resist, is placed within a photolithographic exposure 
w tool 450. In the photolithographic exposure tool 450, the 
photoresist is exposed to radiation, typically U V, through 
a patterned mask. A suitable exemplary photolitho- 
graphic exposure tool 450 is a stepper, well known to 
those skilled in the art. Several exemplary steppers are 
is described in U.S. Pat. Nos. 4,616,908, 4,206,494 and 
4,425,037. Next, the photoresist layer is developed in 
developer 460. Tetramethyl-ammonium-hydroxide is 
typically used as a developer fluid. Development yields 
the patterned layer, which may have the form of a line 
20 and space pattern, for example. For continued process- 
ing, the patterned wafer is next etched in an etcher 500 
and then the photoresist remaining on the wafer is re- 
moved. In this manner, a pattern, such as a line and 
space pattern, may be etched into the wafer to form a 
25 mechanical feature such as a optical diffraction grating. 
On a periodic basis, wafers may be diverted, after 
development, from the etcher to a spectral reflectometer 
470 wherein a reflectance measurement is obtained. 
Such spectral information is then received by a micro- 
30 processor 480 which is programmed to compare such 
information to a reference pattern or apply it to a corre- 
lation stored in a memory 490. Such a reference pattern 
or correlation is stored in memory as previously dis- 
cussed. If a deviation exists between the reflectance 
35 measurement from the diverted sample and that of the 
reference, then an operator is alerted by a visual or au- 
dible alarm that off-specification patterns are being pro- 
duced and that the operation should be checked and 
adjusted as appropriate. 
40 It should be understood that while the embodiments 
described herein are illustrative of the principles of this 
invention and that various modifications may occur to, 
and be implemented by, those skilled in the art without 
departing from the scope and spirit of the invention. For 
45 example, the method of the present invention may be 
used to quantify features other than the line width of a 
line and space pattern. Further, while the embodiments 
discussed herein are directed to applications wherein 
the substrate is generally more reflective than the pat- 
so terned layer, the contemplated scope of the present in- 
vention includes arrangements wherein the patterned 
layer is generally more reflective than the substrate and 
wherein the arrangement is irradiated by radiation hav- 
ing a suitable range of wavelengths such that the pat- 
55 terned material reflects more radiation than the sub- 
strate, and the substrate absorbs more radiation than 
the patterned material. 
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Claims 

1 . A method for characterizing an arrangement having 
a patterned layer of photoresist disposed on an un- 
derlying layer, the patterned layer of photoresist 
having a micro-size first feature, comprising the 
steps of: 

(a) subjecting the arrangement to radiation 
having a range of wavelengths such that the 
patterned layer of photoresist absorbs more ra- 
diation than the underlying layer, and the un- 
derlying layer reflects more radiation than the 
patterned layer of photoresist, and further char- 
acterized by a range of wavelengths suitable 
for measuring the first feature of the patterned 
layer of photoresist; 

(b) measuring the zeroth order reflected radia- 
tion from the arrangement; 

(c) expressing the amount of zeroth order re- 
flected radiation as a reflectance measure- 
ment; and 

(d) comparing the reflectance measurement for 
the arrangement to reflectance measurements 
obtained for a plurality of reference arrange- 
ments each having a patterned layer of pho- 
toresist disposed on an underlying layer, and 
wherein each patterned layer of photoresist has 
the first feature. 

nanometers. 

2. The method of claim 1 , wherein a plurality of values, 
each of which is indicative of the first feature of the 
patterned layer of one of the reference arrange- 
ments, is obtained. 

3. The method of claim 2, wherein the reflectance 
measurement is an average reflectance and where- 
in the reflectance measurements and the plurality 
of values corresponding to the reference arrange- 
ments are used to develop a correlation determina- 
tive of the first feature as a function of the average 
reflectance and step (d) further comprises applying 
the correlation to the reflectance measurement of 
the arrangement to determine the first feature of the 
arrangement. 

4. The method of claim 1 or 3, wherein the patterned 
layer of photoresist is a line and space pattern de- 
fined by a plurality of stripes of photoresist. 

5. The method of claim 3 or 4, wherein the plurality of 
stripes are characterized by a width, and the first 
feature of the patterned layer is the width of the 
stripes of photoresist. 

6. A method for characterizing a first arrangement 



having a line and space pattern of material disposed 
on a substrate, wherein the line and space pattern 
is characterized by a micro-size line width, compris- 
ing the steps of: 

s 

(a) subjecting the first arrangement to radiation 
having a range of wavelengths such that the 
material absorbs more radiation than the sub- 
strate, and the substrate reflects more radiation 

10 than the material, and further characterized by 

a range of wavelengths suitable for measuring 
the iine width; 

(b) measuring the zeroth order reflected radia- 
tion from the first arrangement; 

is (c) expressing the amount of zeroth order re- 

flected radiation as a reflectance measure- 
ment; and 

(d) measuring the line width of the line and 
space pattern. 

20 

7. The method of claim 6, wherein scanning electron 
microscopy is used for measuring the line width of 
the line and space pattern. 

25 8. The method of claim 7, wherein there is a second 
arrangement having a line and space pattern of ma- 
terial disposed on a substrate, wherein the line and 
space pattern is characterized by a line width, fur- 
ther comprising the steps of: 

30 

(e) repeating steps (a) through (d) for the sec- 
ond arrangement. 

9. The method of claim 8, wherein the measurements 
35 of the line width of the line and space patterns of 

the first and the second arrangements, and refer- 
ence reflectance measurements comprising the re- 
flectance measurements for the first and the second 
arrangements, are organized into a data base. 

40 

10. The method of claim 9, wherein there is a third ar- 
rangement having a line and space pattern of ma- 
terial disposed on a substrate, wherein the line and 
space pattern is characterized by a line width, fur- 

45 ther comprising the steps of: 

(f) obtaining a reflectance measurment for the 
third arrangement by repeating steps (a) 
through (c); and 

so (g) comparing the reflectance measurement for 

the third arrangement to the reference reflect- 
ance measurements in the data base to deter- 
mine the line width of the third arrangement. 

55 11. The method of claim 1 or 10, wherein the material 
is photoresist comprising novalac resin, the under- 
lying layer or substrate is silicon, and wherein the 
radiation that the first arrangement is subjected to 
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comprises wavelengths from about 200 to 300 na- 
nometers. 

12. A method for determining a numerical value for a 
micro-size feature of a patterned layer disposed on 
an underlying layer, comprising the steps of: 

(a) irradiating the patterned layer with radiation 
having a range of wavelengths such that the 
pattern absorbs more radiation than the under- 
lying layer, and the underlying layer reflects 
more radiation than the pattern, and wherein 
the range of wavelengths is suitable for meas- 
uring the feature of the pattern; 

(b) measuring a reflectance signal, which signal 
corresponds to the zeroth order reflected radi- 
ation from the patterned layer and the underly- 
ing layer; and 

(c) determining the numerical value for the fea- 
ture of the patterned layer using information ob- 
tained from reference reflectance measure- 
ments, obtained according to steps (a) and (b), 
for patterned layers for which a numerical value 
of the feature is known. 

13. The method of claim 1 2, wherein the step of deter- 
mining the numerical value for the feature further 
comprises comparing the reflectance signal to a da- 
ta base of reference reflectance spectras compris- 
ing reflectance signals obtained according to steps 
(a) and (b), for patterned layers for which a numer- 
ical value of the feature is known, and matching the 
reflectance signal to one of the reference reflect- 
ance spectra which has substantially the same re- 
flectance signal. 

14. The method of claim 12, wherein an average reflect- 
ance over the range of wavelengths is obtained 
from the reflectance signal measured in step (b) and 
wherein the step of determining the numerical value 
for the feature further comprises applying a previ- 
ously developed correlation that provides a numer- 
ical value for the feature as a function of average 
reflectance to the reflectance signal measured in 
step (b). 

15. The method of claim 13, wherein the pattern is a 
line and space pattern defined by a plurality of 
spaced lines formed of novalac containing photore- 
sist, and wherein the pattern is characterized by a 
pitch and the lines are characterized by a width and 
wherein the feature of the pattern is the width of the 
lines, and wherein the underlying layer is silicon, 
and the radiation irradiating the line and space pat- 
tern comprises wavelengths about 300 nanometers 
or less. 

16. The method of claim 14, wherein the pattern is a 



line and space pattern defined by a plurality of 
spaced lines formed of novalac containing photore- 
sist, and wherein the pattern is characterized by a 
pitch and the lines are characterized by a width and 
wherein the feature of the pattern is the width of the 
lines, and wherein the underlying layer is silicon, 
and the radiation irradiating the line and space pat- 
tern comprises wavelengths about 300 nanometers 
or less. 



17. A method for controlling a lithographic writing proc- 
ess operable to generate a first pattern in a first lay- 
er which is disposed upon a second layer of an ar- 
rangement, which first pattern is characterized by a 
15 first micro-size feature having a desired size, 
wherein a plurality of operating parameters of the 
lithographic writing process may be adjusted to vary 
the size of the first feature, comprising the steps of: 
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(a) generating a pattern using the lithographic 
writing process; 

(b) obtaining a reflectance measurement of the 
pattern generated in step (a); 

(c) comparing the reflectance measurement 
obtained in step (b) to one of: 

(i) a reference reflectance spectra obtained 
for the first pattern having the first feature 
of the desired size, and 

(ii) a correlation that expresses the size of 
the first feature as a function of average re- 
flectance; 

(d) adjusting at least one of the plurality of op- 
erating parameters if the comparison of step (c) 
indicates a difference between the reflectance 
measurement of the pattern generated in step 
(a) and one of the reference reflectance spectra 
and the correlation; and 

(e) repeating steps (a) through (d). 

18. The method of claim 17 wherein the correlation of 
step (c) is obtained by: 

developing test patterns having the first fea- 
ture, which test patterns vary in terms of the 
size of the first feature; 

obtaining an average reflectance of each of the 
test patterns; 

measuring the first feature of each of the test 
patterns; and 

developing a correlation determinative of the 
size of the first feature as a function of average 
reflectance. 

1 9. A method for characterizing an arrangement having 
a patterned layer disposed on an underlying layer, 
the patterned layer having a micro-size first feature, 
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comprising the steps of: 

(a) subjecting the arrangement to radiation 
having a range of wavelengths such that the 
patterned layer reflects more radiation than the 5 
underlying layer, and the underlying layer ab- 
sorbs more radiation than the patterned layer, 
and further characterized by a range of wave- 
lengths suitable for measuring the first feature 

of the patterned layer; 10 

(b) measuring the zeroth order reflected radia- 
tion from the arrangement; 

(c) expressing the amount of zeroth order re- 
flected radiation as a reflectance measure- 
ment; and 1 $ 

(d) comparing the reflectance measurement for 
the arrangement to reflectance measurements 
obtained for a plurality of reference arrange- 
ments each having a patterned layer disposed 

on an underlying layer, and wherein each pat- 20 
terned layer has the first feature. 

20. An apparatus for characterizing an arrangement 
having a patterned layer of photoresist disposed on 
an underlying layer, the patterned layer of photore- 25 
sist having a micro-size first feature, comprising: 

(a) a first device for obtaining a reflectance 
measurement; 

(b) a memory for storing reference reflectance 30 
measurements obtained for a plurality of refer- 
ence arrangements each having a patterned 
layer of photoresist disposed on an underlying 
layer, each patterned layer having the first fea- 
ture; and 35 

(c) a microprocessor, in communication with 
the memory, programmed to receive the reflect- 
ance measurement of the arrangement from 
the first device and compare said reflectance 
measurement to the reference reflectance 40 
measurements stored in the memory. 
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